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(57) ABSTRACT

A phase-locked loop circuitry includes an oscillator circuitry
having an input and an output. A phase detector circuit 1s
connected to the output of the oscillator circuitry and has
outputs thereof. A digital loop filter circuit 1s connected to the
outputs of the phase detector circuitry and has outputs
thereof. The outputs of the digital loop filter circuit are
coupled, through a summing circuit, to the mput of the oscil-
lator circuitry. Values associated with the outputs of the digi-
tal loop filter circuit are updated concurrently based upon
values associated with the outputs of the phase detector cir-
cuitry. One output of the digital loop filter circuitry has a
high-pass transter function.

13 Claims, 6 Drawing Sheets
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NONLINEAR AND CONCURRENT DIGITAL
CONTROL FOR A HIGHLY DIGITAL
PHASE-LOCKED LOOP

PRIORITY INFORMAITTON

The present application claims priority, under 35 U.S.C.
§119(e), from U.S. Provisional Patent Application, Ser. No.
61/378,089, filed on Aug. 30, 2010. The entire content ol U.S.
Provisional Patent Application Ser. No. 61/378,089, filed on

Aug. 30, 2010, 1s hereby incorporated by reference.

BACKGROUND

The phase-locked loop 1s a versatile semiconductor circuit
used to generate an output signal, such as a clock signal,
whose phase 1s related to the phase of an input signal, such as
a reference clock. A phase-locked loop typically consists of
several blocks including a phase/frequency detector 10, loop
filter 20, an oscillator 30, and frequency divider 40.

The frequency of the oscillator 1s tunable, and typically
controlled by an 1mnput voltage or current. The most common
type of a frequency tunable oscillator used 1n phase-locked
loops 1s the type whose frequency i1s controlled by an 1nput
voltage, and 1s referred to as a voltage controlled oscillator.

The phase/frequency detector 10 compares the phase of the
reference clock and the local clock, which 1s typically the
output of the frequency divider 40, as indicated in FIG. 1.

Conventionally, the phase/frequency detector 10, charge-
pump and loop filter 20 have been primarily implemented
with ‘analog’ circuit structures. These phase-locked loops are
referred to as ‘analog phase-locked loops’.

Recently, aided by ongoing semiconductor technology and
process scaling, an alternate phase-locked loop architecture
has emerged that leverages extensive digital signal process-
ing. These ‘digital phase-locked loop” architectures are func-
tionally equivalent, but have different implementations for
some of the sub-blocks.

FIG. 3 shows a basic prior art digital phase-locked loop
architecture where the analog phase/frequency detector 1s
replaced with a digital phase/frequency detector 120, and the
charge-pump and analog loop filter are replaced with a digital
loop filter 130 and a digital-to-analog converter 160.

The digital components are designed to mirror the func-
tions of their analog counterparts, and the phase-locked loop
locking dynamics are similar.

In the prior art, the core digital loop filter 1s implemented
with a proportional and integral path that mimics an analog
loop filter which can be represented 1n the Z domain with the
following transfer function:

1

Y(@) = o+ B _Z_IIX(z)

where o represents the proportional term, [ represents the
integral term, X(z) represents the output of the phase/ire-
quency detector and Y(z) represents the output of the loop
filter.

Such a digital loop filter can be modeled in discrete time as:

yinj=y[n-1j+ox[n/-ox[n-1]/+px[n]

In prior art, there are separate, non-linear control loops
which are used for coarse frequency locking, determining,
phase-locked loop design parameters, or adjusting the values
of o or 3 1n real-time; however, the core loop filter does not
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2

include algorithms to non-linearly alter the loop filter output
in response to phase/frequency detector transitions.

FIG. 4 shows a prior art digital phase-locked loop archi-
tecture with a coarse/fine segmented digital-to-analog con-
verter. A challenge 1n digital phase-locked loops 1s achieving
the high digital-to-analog converter resolution that 1s required
to achieve very precise frequency steps.

Conventional devices have achieved a high digital-to-ana-
log converter resolution by dividing a high resolution digital-
to-analog converter into multiple digital-to-analog converter
segments of reduced resolution.

When there are two digital-to-analog converter segments,
these digital-to-analog converter segments can be referred to
as a coarse digital-to-analog converter 161 (digital-to-analog
converter A) and a fine digital-to-analog converter 162 (digi-
tal-to-analog converter B).

Conventionally, during normal phase-locked loop opera-
tion the coarse digital-to-analog converter first converges and
then the fine digital-to-analog converter 1s updated. This
method of operation 1s referred to as sequential operation
within this document.

Once the coarse digital-to-analog converter has converged,
1t no longer updates unless the fine digital-to-analog converter
saturates or nears saturation, at which time the coarse digital-
to-analog converter 1s updated to prevent the fine digital-to-
analog converter from saturating. When the coarse digital-to-
analog converter 1s updated, any mismatch between the
coarse digital-to-analog converter and the fine digital-to-ana-
log converter can result 1n a frequency error and degrade
phase-locked loop performance.

An additional challenge facing both digital and analog
phase-locked loops 1s a fundamental trade-off between
phase-locked loop settling time and loop filter bandwidth.

It 1s often desirable to have low loop filter bandwidths to
reduce phase noise while the phase-locked loop 1s locked, but
this comes at the cost of degraded settling time.

A conventional technique to improve this trade-off 1s to
dynamically vary the loop bandwidth while settling. During
coarse Irequency lock, conventional digital phase-locked
loops use non-linear algorithms to decrease the phase-locked
loop settling time compared to a linear algorithm; however,
once the coarse sequence of lock 1s complete, conventional
digital phase-locked loops employ linear control loops which
can result in degraded settling time, especially at low digital
phase/frequency detector resolutions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a conventional phase-locked
loop:;

FIG. 2 1s a block diagram of a digital phase-locked loop;

FIG. 3 1s a block diagram of a conventional digital phase-
locked loop;

FIG. 4 1s a block diagram of a conventional digital phase-
locked loop with coarse and fine control;

FIG. 5 1s a block and timing diagram of a non-linear loop
filter; and

FIG. 6 1s a block diagram of digital-to-analog converter
logic and a segmented digital-to-analog converter.

DESCRIPTION OF THE DRAWINGS

FIG. 2 illustrates a block diagram of a digital phase-locked
loop. Although the frequency divider 1s not shown for brevity,
one skilled 1n the art would readily know how to include a
frequency divider in any of the embodiments described
below.
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The illustrated digital phase-locked loop includes a fre-
quency tunable oscillator 140, a digital phase/frequency
detector 121, a non-linear digital loop filter 131, logic 141 to
generate signals for multiple digital-to-analog converters (not
shown) concurrently, and digital-to-analog converters 163
and 164. The output of the digital-to-analog converter 163 1s
lowpass filtered. The output of the digital-to-analog converter
164 and the lowpass filtered output of the digital-to-analog
converter 163 are combined at the frequency tunable oscilla-
tor 140.

It 1s noted that the disclosed digital phase-locked loop can
also be extended to systems with more than two digital-to-
analog converters.

FIG. 5 1llustrates a block and timing diagram of a non-
linear loop filter 200 that 1s used to improve the settling time
and tracking bandwidth of a digital phase-locked loop. The
non-linear loop filter 1s based on a core linear loop filter with
non-linear logic 220 that adjusts the output of the loop filter in
response to phase/Ifrequency detector transitions.

The core linear loop filter 210 responds to the phase/ire-
quency detector 121 each reference clock period and incre-
ments or decrements the output of the digital loop filter
accordingly.

Many digital phase-locked loops use low resolution phase/
frequency detectors with only a few bits of resolution repre-
senting the phase difference between the reference and the
local clock. At such low phase/frequency detector resolu-
tions, the core linear control loop results 1n sub-optimal con-
trol because the phase/ifrequency detector output does not
change immediately in response to phase or Ifrequency
changes of the local clock relative to the reference clock. This
most commonly results 1n frequency overshoot of the local
clock and the potential for large oscillations around the
desired frequency during frequency and phase acquisition.

The non-linear loop filter 200 of FIG. 5 provides a non-
linear transition 1n response to a change in the phase/ire-
quency detector output. The phase/frequency detector edge
detector indicates when there 1s a change in the phase/ire-
quency detector output. At this time, the non-linear loop filter
provides an output that 1s a ratio of i1ts most recent value and
the loop filter’s value immediately atter the prior transition in
the phase/frequency detector output. This 1s shown graphi-
cally 1in FIG. §, where phase/frequency detector transitions
occur at times t, and t,. For simplicity, time t;, has been
normalized to O.

The implementation of FI1G. 5 will now be explained math-
ematically. At time t,=0, 1t 1s assumed that the frequency of
the local clock, 1, 1s Af greater than the reference clock, 1, .
and 1t 1s assumed that their phases, ®_;, and @, .are aligned:

Jerlt)~fref N

D 1) - D, A11)=0

As the local clock 1s faster than the reference clock at time
t,, the reference clock will lag the local clock and the digital
loop filter will decrease the frequency of the local clock. As
described earlier, the core, linear digital loop filter can be
modeled by the following discrete-time function:

yinj=y[n-1]+ax[nj-ax[n-1]+px/n]

In another embodiment, the core digital loop filter 1s modi-
fied with a non-linear component 220 that changes the output
y[n] 1n response to changes in x[n]. This can be represented
with the following discrete-time function:

vin]=vm-1]+ox/nj-ox/n-1]+px/nf+Nonlinear com-
ponent
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To mathematically show the benefit of the non-linear com-
ponent 220, it 1s assumed to be 0. As the reference frequency
1s typically an order of magnitude greater than the phase-
locked loop bandwidth, for mathematical simplicity, one can
use the following continuous time equation to model the core,
linear digital loop filter:

O=p(1)-Ax(t )+ Ax(0)+] " Bx(t)dt

where y(t) 1s the output of the core linear loop filter at time t,
x(t) 1s the output of the phase/frequency detector, A 1s the
proportional scaling term and B 1s the integral scaling term.

For small changes 1n the output of the loop filter, y(t), a
linear change 1n the loop filter output should result 1n a linear
change 1n voltage controlled oscillator frequency, with a scal-
ing factor assumed to be u. Thus, the local clock frequency
can be represented by the following equation:

Jer O~ o) —pdx (@ )+pdx O+ uBx(0)dt

Between time t, and t,, we can model the phase difference
between the reference clock and the mput clock with the
following equation:

(Dcm(f)—@ref(f)=f(fcm(f)—fref)ﬁff
0

— fft:!k (I)Cff _ Iff"ff
0

Do (1) — (I)rff(r) — L (fﬂ!k(r) - fref) di
= f (few (1) — AX(r) + uAX(r) +
0

f | uBx(D)dt — frer ]aﬁ’ [
0

= fr(yAx(r)+frpr(r)cﬁ]cfr+
0 0

(Jor (1) — pAX(11) — fref )

For mathematical simplicity, 1t can be assumed that the
phase/frequency detector output, x(t) 1s constant between
time t, and t,. This 1s true when a single-bit phase/frequency
detector 1s used, such as a bang-bang phase detector. With the
assumption that x(t)=x, between time t, and t,, the following
equation expression 1s derived for the phase difference.

!
(Dt:.{k (I) - (I)I‘Ef(r) — f (P:A-xl + ﬂBle)ﬁfI +
0

(four (11) — AX) — fref
= uAx 1+ 0.5uBx " +
(four (1) — HAXL — fror )1
= 0.5uBx1 1 + (for (11) = fref )

At time t,, the phase difference 1s 0, resulting 1n the fol-
lowing expression for t,:

_chm (1) — frer
ubx;

[» =

Combining the previous equation with the equation for
calculating the local clock frequency, the frequency at time t,
1s dertved to be the following expression:
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Jete (12) = four (1) — pBx; I
= fet (T1) = 20 ik (11) = frer)
= 2frer — Jeu (11)

Thus, the difference in frequency between the local clock
and the reference clock has equal magnitude at times t, and t,
but opposite sign.

For optimal phase-locked loop locking, the loop filter
should be adjusted immediately after time t, to the average
value of the loop filter at time t; and t,.

In another embodiment, the frequency of the local clock 1s
set to the average of t_,(t,) and {_,(t,) for quickest locking;
however, 1t 1s also possible to set the frequency of the local
clock to some other ratio of T _,,(t,) and L _,,. (t,).

In a further embodiment, the phase-locked loop contains a
multi-bit phase/frequency detector. In this embodiment, the
non-linear algorithm 1s adjusted to account for the different
frequency overshoot compared to a single-bit phase/ire-
quency detector. When using a multi-bit phase/frequency
detector, the non-linear algorithm can adjust the loop filter
output at arbitrary phase/frequency detector transitions.

For example, 1t 1s possible to only implement non-linear
steps when the phase/frequency detector changes sign. Alter-
natively, there can be non-linear steps at every phase/ire-
quency detector transition.

In an additional embodiment, the phase-locked loop con-
tains either a multi-bit or single-bit phase/frequency detector.
In this embodiment, the non-linear algorithm accounts for
system effects like latency and the non-linear relationship
between loop filter output and voltage controlled oscillator
frequency.

In another embodiment, the non-linear control algorithm 1s
applied to phase-locked loops where the digital loop filter and
digital-to-analog converter are replaced with an analog
charge-pump and loop filter. In these analog phase-locked
loops, the non-linear control algorithm 1s applied at the output
of the charge-pump in response to transitions in the phase/
frequency detector output.

For example, a capacitor can be used to store a previous
value of the loop-filter output, and i1t can shorted to the current
loop-filter output to result 1n an istantaneous step 1n the loop
filter, resulting 1n a change 1n frequency to compensate for
frequency overshoot.

In the majonity of digital phase-locked loops, the output of
the digital loop filter 1s passed to one or more digital-to-
analog converters and then filtered before the frequency tun-
able oscillator.

This can complicate the aforementioned non-linear control
loop because the non-linearities result 1n abrupt transitions at
the output of the digital-to-analog converters, which are then
filtered by analog filters at the outputs of the digital-to-analog
converters. Any filtering of the non-linear transition by an
analog filter decreases the effectiveness of the non-linear
algorithm because by filtering the abrupt transitions the fre-
quency overshoot 1s not cancelled as rapidly.

Another embodiment addresses this problem of digital-to-
analog converter filtering through a combination of several
alternate techniques.

One technique to address this problem 1s to increase the

bandwidth of the analog filters so that the non-linear transi-
tions are presented to the frequency tunable oscillator with
little attenuation or delay.
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A second technique 1s to hold the output of the non-linear
loop filter constant after a non-linear transition, providing
time for the analog filter outputs to converge to the expected
value.

Finally, a third technique 1s to use a secondary digital-to-
analog converter in parallel with a primary digital-to-analog
converter, but to design the system such that the secondary
digital-to-analog converter has a wider analog filter band-
width. This secondary digital-to-analog converter can be used
to mtroduce abrupt frequency changes in the frequency tun-
able oscillator.

A desire 1n digital phase-locked loop design 1s to efficiently
implement digital frequency tuning of the oscillator. For a
high performance phase-locked loop, an oscillator tuning
dynamic range of over 20 bits may be required.

For example, to achieve low phase noise at a specific output
frequency, an oscillator tuning range of over 20% 1s typically
required to compensate for process, temperature, and voltage
variation, and a step size of 0.0002% 1s required for low jitter
frequency locking. This corresponds to a step size of 1 kHz
and a tuning range of 1 GHz for a 5 GHz oscillator, requiring
a tuning dynamic range of 1 million to one or 20 bits.

To meet these specifications, the majority of oscillator
tuning approaches use a segmented approach, where multiple
digital-to-analog converters are used to cover the entire 20-bit
range, and each of the digital-to-analog converters” ranges
overlaps one another to ensure continuous coverage of digi-
tal-to-analog converter ranges.

Typically there are ‘fine’, ‘moderate’ and ‘coarse” digital-
to-analog converters, with progressively larger least signifi-
cant bit values. Each of the digital-to-analog converters are
programmed sequentially, meaning that once the ‘coarse’
digital-to-analog converter 1s set, 1ts output 1s fixed while a
finer digital-to-analog converter 1s programmed, unless the
finer digital-to-analog converter saturates or approaches satu-
ration.

A problem with the this sequential approach 1s that the
phase-locked loop has a limited tracking range once 1n lock,
limited by the dynamic range the digital-to-analog converter
with the smallest least significant bit; 1.¢., the finest digital-
to-analog converter.

If the finest digital-to-analog converter saturates, the sec-
ond finest digital-to-analog converter must raise/lower 1its
output, which can result in the phase-locked loop losing lock
due to mismatch between the two digital-to-analog convert-
ers.

This problem 1s particularly acute for systems where the
phase-locked loop must remain 1n lock for many seconds or
minutes during which time the circuit may undergo severe
temperature or voltage swings. These temperature or voltage
swings can aifect the frequency of the voltage controlled
oscillator, requiring a change 1n the voltage controlled oscil-
lator control voltage. If the control voltage has to change by a
large amount, it 1s possible that the finest digital-to-analog
converter can saturate.

FIG. 6 illustrates a solution which utilizes concurrent con-
trol logic that allows for multiple digital-to-analog converters
to be updated simultaneously.

As 1llustrated 1n FI1G. 6, the solution includes concurrent
control logic for the phase-locked loop digital state machine
and the segmented digital-to-analog converter.

The sequential coarse/fine acquisition process of conven-
tional digital phase-locked loops 1s replaced with the concur-
rent digital-to-analog converter logic, and segmented digital-
to-analog converters are arranged to have approximately the
same least significant bit size but different ranges and signal

bandwidths.
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In FIG. 6, the least significant bit size of digital-to-analog
converter 163 1s roughly equal to that of the digital-to-analog
converter 164, implying V ,/2"=~V ./2*. In addition, the reso-
lution of digital-to-analog converter 163 1s greater than that of
digital-to-analog converter 164, implying N>M.

Both of these qualities are different than conventional digi-
tal phase-locked loops, where the least significant bit of the
coarse digital-to-analog converter 1s signmificant larger than
the least significant bit of the fine digital-to-analog converter

It 1s noted that this concurrent digital-to-analog converter
control technique does not require the least significant bit size
of the two digital-to-analog converters to be identical, but for
optimal performance there should be some overlap in the
ranges of the digital-to-analog converters.

Thus, 1t 1s possible to apply this control technique to tradi-
tional coarse/fine digital-to-analog converters within phase-
locked loops by replacing the sequential control logic with the
concurrent digital-to-analog converter logic.

In another embodiment, the digital-to-analog converter
163 1n FIG. 6 achieves a superior dynamic range to that of
conventional digital phase-locked loops. This superior
dynamic range 1s achieved by trading oif bandwidth for reso-
lution. It 1s well known that for digital-to-analog converters,
particularly oversampling digital-to-analog converters, 1t 1s
possible to trade-oif bandwidth for resolution.

Thus, by reducing the filter bandwidth at the output of the
digital-to-analog converter 163, it 1s possible to achieve a very
high resolution, covering nearly the entire tuning range of the
oscillator. This allows the phase-locked loop to achieve a
large tracking range while 1n lock.

Due to the large dynamic range of digital-to-analog con-
verter 163, the phase-locked loop shown 1n FIG. 6 would be
able to successtully lock without digital-to-analog converter
164; however, this phase-locked loop would achieve a
degraded phase-locked loop tracking bandwidth and lock
time compared to prior art digital phase-locked loops, due to
the low frequency lowpass filter 163 at the output of digital-
to-analog converter 163.

To address this problem, digital-to-analog converter 164 1s
placed 1n parallel with digital-to-analog converter 163 and
used to compensate for fast transients and improve locking
speed.

In an additional embodiment, additional digital-to-analog,
converters are placed 1n parallel with these two digital-to-
analog converters to increase the overall tuning range, com-
pensate for fast transients and/or improve locking speed

It 1s also possible to partially combine the sequential con-
trol logic with the concurrent digital-to-analog converter
logic. For example, a coarse digital-to-analog converter can
be programmed first, and then a medium and a fine digital-
to-analog converter can be concurrently programmed.

In a further embodiment, the concurrent logic replicates
analog filtering at the output of the digital-to-analog convert-
ers. In this embodiment, the loop filter output 1s applied
directly to digital-to-analog converter 163, but the high fre-
quency components of the loop filter output are filtered by the
analog lowpass filter 165. To compensate for this signal {il-
tering, a digital lowpass filter 1n the concurrent digital-to-
analog converter logic replicates this analog filter, and the
difference between the loop filter output and the digital low-
pass lilter 1s applied to digital-to-analog converter 164.

This technique 1s similar to pre-emphasis, but applied 1n a
new way by using a separate path. In this embodiment, digi-
tal-to-analog converter 164 1s only used to address high fre-
quency signals from the loop filter. When using a non-linear
loop filter with large transitions during frequency acquisition,
the fast digital-to-analog converter 164 path 1s particularly
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usetul. During lock, when the loop filter does not have large
transitions, the fast digital-to-analog converter 164 allows for
increased tracking bandwaidth.

When digital-to-analog converter 164 has a reduced
dynamic range compared to digital-to-analog converter 163,
the difference between the loop filter output and the digital
lowpass filter must be truncated before being applied to digi-
tal-to-analog converter 164.

Thus, digital-to-analog converter 164 can potentially satu-
rate in the presence of very large and fast transients at the loop
filter output. These fast transients occur oiten during initial
phase/frequency acquisition, particularly when the non-lin-
car locking algorithm 1s applied.

In another embodiment, when the fast digital-to-analog
converter 164 saturates, a digital overflow signal 1s generated
that 1s passed to the loop filter and other digital state machines
within the phase-locked loop. The overtlow signal 1s used to
reduce the gain of the non-linear loop filter when saturation
OCCUrS.

To reduce the occurrence of digital-to-analog converter
saturation during 1mitial phase/frequency locking, this
embodiment increases the bandwidth of the analog filter 165
at the output of the slow digital-to-analog converter 163 as
well as the bandwidth of the digital replica filter within the
concurrent state machine. Once the phase lock has converged
to a steady state, the bandwidths of these filters are reduced to
improve the noise performance of the phase-locked loop.

In summary, a digital phase-locked loop 1s implemented
using a non-linear algorithm to allow for rapid frequency and
phase lock. The advantages of the non-linear algorithm are
most pronounced when the digital phase/frequency detector
has low time resolution, such as a bang-bang phase detector,
which provides only a single bit indicating whether the phase
of the local clock 1s early or late compared to that of that of the
input signal, for example, the reference clock

The non-linear loop filter algorithm 1s based on a linear
loop filter but includes additional logic to compensate for the
phase-locked loop frequency overshoot that occurs with lin-
car loop filters and low resolution phase/frequency detectors.
The non-linear loop filter algorithm mvolves a stepback tunc-
tion, which alters the output of the core linear loop filter
whenever the digital phase/frequency detector output
changes value. The change in output of the loop filter 1s
related to the amount of time since prior phase/frequency
detector transitions, and/or the loop filter output value at these
prior transitions. Conventional non-linear loop filter algo-
rithms have not extended linear loop filters to account for the
frequency overshoot associated with low resolution phase/
frequency detectors.

In addition, the disclosed digital phase-locked loop allows
for an increased tracking range of the phase-locked loop by
concurrently generating digital-to-analog converter inputs
tor multiple digital-to-analog converters simultaneously.

In this embodiment, a high dynamic range, but lowpass
filtered digital-to-analog converter 1s updated at the same
time as a lower dynamic range digital-to-analog converter.

As a digital-to-analog converter 1s lowpass filtered, 1t can
employ oversampling to achieve increased dynamic range
without a significant increase 1n complexity, power consump-
tion, or area.

The digital-to-analog converter’s large dynamic range
allows the phase-locked loop to remain 1n lock over a wide
range of operating conditions with less potential loss of lock
compared to a conventional coarse/fine segmented digital-to-
analog converter with sequential control. Whereas one digi-
tal-to-analog converter has a lowpass, slowly varying charac-
teristic, one digital-to-analog converter has a highpass, fast
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varying characteristic, allowing the overall phase-locked loop
to have a wide bandwidth and fast settling time without
increased phase noise.

It will be appreciated that various of the above-disclosed
and other features and functions, or alternatives thereof, may
be desirably combined into many other different systems or
applications. Also that various presently unforeseen or unan-
ticipated alternatives, modifications, variations or improve-
ments therein may be subsequently made by those skilled in
the art which are also intended to be encompassed by the
tollowing claims.

What is claimed 1s:

1. A phase-locked loop circuitry to generate an output
signal, the phase-locked loop circuitry comprising:

oscillator circuitry having an input and an output;

phase detector circuitry, operatively connected to said out-

put of said oscillator circuitry, having outputs thereof;
and

a digital loop filter circuitry, operatively connected to said

outputs of said phase detector circuitry, having outputs
thereol, said outputs of said digital loop filter circuitry
being operatively coupled, through a summing circuit,
to said mput of said oscillator circuitry, values associ-
ated with said outputs of said digital loop filter circuitry
being updated concurrently based upon values associ-
ated with said outputs of said phase detector circuitry,
one output of said digital loop filter circuitry having a
high-pass transfer function.

2. The phase-locked loop circuitry of claim 1, wherein said
digital loop filter circuitry includes a digital-to-analog-con-
verter for each output.

3. The phase-locked loop circuitry of claim 1, wherein one
output of said digital loop filter circuitry 1s filtered prior to
being coupled to the oscillator circuitry mput.

4. The phase-locked loop circuitry of claim 1, wherein
multiple outputs of said digital loop filter circuitry are filtered
prior to being coupled to the oscillator circuitry 1nput, each
output being filtered using a different bandwidth.

5. The phase-locked loop circuitry of claim 1, wherein
multiple outputs of said digital loop filter circuitry are filtered
prior to being coupled to the oscillator circuitry 1nput, each
output being filtered using a programmable bandwidth that 1s
adjusted 1n real-time during normal operation.
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6. The phase-locked loop circuitry of claim 1, wherein the
oscillator frequency tuning range of each digital loop filter
output 1s overlapping.

7. The phase-locked loop circuitry of claim 1, wherein one
output of said digital loop filter circuitry has a non-linear
transier function.

8. A phase-locked loop circuitry to generate an output
signal, the phase-locked loop circuitry comprising:

oscillator circuitry having an mput and an output;

phase detector circuitry, operatively connected to said out-

put of said oscillator circuitry, having outputs thereof;
and

a non-linear digital loop filter circuitry, operatively con-
nected to said outputs of said phase detector circuitry,
having outputs thereol, said outputs of said non-linear
digital loop filter circuitry being operatively coupled to
said input of said oscillator circuitry, wherein a value
associated with an output of said non-linear digital loop
filter circuitry has a non-linear transition when there 1s a
change 1n an output of said phase detector circuitry.

9. The phase-locked loop circuitry of claim 8, wherein said

change 1n the output of said phase detector 1s a sign change.

10. The phase-locked loop circuitry of claim 8, wherein a

resultant value associated with an output of said non-linear

digital loop filter 1s a weighted average of a most recent value
of the output of said nonlinear digital loop filter and a value of
the output of said nonlinear digital loop filter after a most
recent non-linear transition.

11. The phase-locked loop circuitry of claim 8, wherein
alter a non-linear transition 1n an output of said non-linear
digital loop filter circuitry, values associated with said outputs
of said non-linear digital loop filter circuitry do not update for
a period of time.

12. The phase-locked loop circuitry of claim 11, wherein
the period of time that the values associated with said outputs
of said non-linear digital loop filter circuitry do not update
alter a non-linear transition 1s related to a magnitude of the
non-linear transition.

13. The phase-locked loop circuitry of claam 8, wherein
said non-linear digital loop filter circuitry includes digital-to-
analog-converters coupled to analog filters, a bandwidth of
said analog filter being adjusted 1n response to a magnitude of
a non-linear transition 1n an output of said non-linear digital
loop filter circuitry.
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